High resolution coherent nonlinear optical spectroscopy of an ensemble of red-emitting InGaN quantum dots in GaN nanowires is reported. The data show a pronounced atom-like interaction between resonant laser fields and quantum dot excitons at low temperature that is difficult to observe in the linear absorption spectrum due to inhomogeneous broadening from indium fluctuation effects. We find that the nonlinear signal persists strongly at room temperature. The robust atom-like room temperature response indicates the possibility that this material could serve as the platform for proposed excitonic based applications without the need of cryogenics.
Recent studies have shown single photon emission behavior in III-Nitride quantum-confined structures up to room temperature [1, 2] . This discovery provides the basis for future research efforts toward room temperature coherent control of the III-Nitride quantum dot exciton states [3] [4] [5] or spin ground states [6] [7] [8] in III-Nitride quantum dots charged with a single electron for various applications including quantum information processing. In recent studies at low temperature, the population of a III-Nitride quantum dot excited state was coherently manipulated using laser pulses to demonstrate evidence of Rabi rotations [9, 10] , which provides a proof-of-concept for qubit manipulations in InGaN quantum information processing. Red emitting InGaN quantum dots have become particularly attractive recently for quantum information applications due to their larger quantum confinement compared to green-blue emitting dots and the higher sensitivity of Si-based photo detectors at these wavelengths [11] . Development of this materials for applications such as optically controlled switching or quantum information processing requires a full understanding of the linear and nonlinear optical response and the associated relaxation and spectral lineshapes [12, 13] . These issues are complicated in this material by the presence of indium disorder effects [14] [15] [16] [17] [18] [19] that can complicate many details of this response as well as leading to inhomogeneous broadening and spectral diffusion.
In this Letter we use high resolution coherent nonlinear optical spectroscopy on In 0.54 Ga 0.46 N dots-in-nanowires (DINWs) at low temperature to reveal pronounced resonances that are not easily seen in the photoluminescence or photoluminescence excitation (PLE) spectrum. We infer that the resonances are caused by nonlinear absorption of quantum dot excitons. The exciton resonances are not easily observed in the linear absorption spectrum due to absorption from a distribution of background states, likely formed by indium disorder effects. Ultra-narrow resonances in the third order (χ (3) ) coherent nonlinear optical spectrum show the excitons are coupled to longlived metastable background states that lead to strong saturation of the quantum dot exciton optical absorption. Additional data demonstrates that the nonlinear optical resonances are clearly visible at room temperature with line widths similar to the low temperature data. This data provides the first evidence of resonant optical absorption in quantum confined III-N excitons at room temperature, a promising result for on-chip quantum information research.
To the best of our knowledge, this is the first report that the optical absorption below the band edge in DINWs can arise from two separate mechanisms: (1) the optical absorption associated with the usual enhanced optically induced dipole due to the strong Coulomb coupling between electron and hole that gives rise to the exciton; and (2) optically active background states formed by material disorder that form a quasi-continuum and energy states and hence absorption. Our data show an increase in the absorption in the presence of optical excitation, of importance to such devices as optical limiters [20] . The nonlinear signal can be used to distinguish between the two absorption mechanisms: the quantum confined exciton states show saturation of their optical absorption, while the background states show increased absorption. Degenerate-four-wave-mixing measurements in InGaN/GaN quantum wells has revealed a similar enhancement in the nonlinear signal of exciton resonances compared to a featureless linear absorption background caused by disorder states [21] .
The self-assembled GaN/In 0.54 Ga 0.46 N nanowire/DINW sample featured in this study was grown along the c-axis in the wurtzite configuration using plasma-assisted MBE on (001) silicon. Details of the growth procedure can be found in Refs. [22] [23] [24] contains 8 DINWs. Evidence of self-formed InN-rich quantum dots in the center of the disk from similarly grown samples has been found from low temperature photoluminescence (PL) and transmission electron microscopy (TEM) studies [24] [25] [26] [27] . Isolated DINWs from similar samples show evidence of single photon emission up to 30 K [24] from second order correlation measurements. Following MBE growth, the wires are removed from the silicon and dispersed on a sapphire substrate at an areal density of∼1x10 11 cm −2 .
The 10 K high resolution ensemble PL (1.5 µm 2 excitation laser spot size) of the sample shows a broad Gaussian line shape (FWHM ∼300 meV (∼100 nm) as shown in Fig. 1a) . Superimposed on the Gaussian are narrow features shown in Fig. 1b after removal of the broad Gaussian background (FWHM∼10-30 meV (∼3-10 nm)). In the PL spectrum we observe a variation in the emission energies of the narrow features of about 30-50 meV (10-15 nm). The PL intensity of individual resonances is linear with the excitation laser intensity (I P L ∼I exc 1.00±0.03 ) before saturating and shows no blue shift in frequency, in contrast to what is reported in InGaN quantum wells [14, 15] . The optical setup is described further in the Supplemental Material [28] .
The independence of the PL emission energy on excitation intensity and the width of the resonances suggest that the peaks belong to emission from DINW excitons in individual quantum DINWs or small groups of DINWs [2, 24] . The exciton emission energy in individual DINWs is determined by the InGaN disk thickness, diameter and indium concentration [29] [30] [31] , which are known to vary across the sample surface [29] . The emission energy of individual DINW excitons is a complicated function of these parameters since a variation in the DINW size affects the strain relaxation that changes the internal electric fields [31] [32] [33] quantum confinement [31] and indium concentration gradients [26, 34, 35] . The variation in emission energies of the individual groups of DINWs observed in this sample is not unusual considering that ∼30 meV changes in emission energy were observed for small variations in size parameters in blue emitting DINWs [33] . The distribution of possible DINW emission energies, determined by the broad Gaussian resonance, is ∼10 times the width of the individual DINW peaks, which is consistent with reported results for similarly grown samples [36] .
The PLE data at the high energy side of the PL spectrum mainly consists of a relatively featureless, monotonically increasing background, which is well fit to an exponential as shown by the fit in Fig. 1c . The 10 K PLE spectrum also shows slight enhancements of signal at the same wavelengths as the weak resonances observed in PL. The PLE data illustrates the continuum of background states that exist in this system. We attribute the background states in the PLE spectrum to states formed by indium disorder, such as the atomistic defects known to exist in bulk InGaN [16, 18, 19] or possibly small InNrich clusters [14, 15] . This data shows the first evidence that these types of disorder states exist in significant density within DINW structures.
Using a 405 nm (pump) amplitude modulated laser field to excite the DINWs above the band edge and phasesensitive-detecting the homodyne detected signal in the vicinity of the PL emission shows two primary features, as indicated above: first, the signal shows a large relatively flat negative dT/T (dT = differential transmission = T P umpon -T P umpof f , where T is the sample transmittance) corresponding to an increase in absorption that is subtracted and not shown in Figs. 2a and 2b, (see Supplemental Material [28] for original data); and second, there are strong resonances seen as a relative increase in dT/T signal (meaning reduced absorption, i.e., saturation) that overlap with the weak resonances observed in the PL as shown in Fig. 1a . With the pump far to the blue of the probe field, the primary contribution to the signal is from changes in the linear absorption spectrum induced by the pump. The magnitude of signal strength of the background and resonances, while comparable, is generally not correlated and varies depending on the area of the sample that is probed.
It is important to note that unlike the PL (Fig. 1a ) and PLE (Fig. 1c) spectra, the resonances are the dominant feature in the nonlinear absorption spectrum (except for the background offset), similar to the result obtained in Ref. [21] . Remarkably, the strong resonant features clearly observed in the nonlinear spectrum persist up to room temperature (Fig. 2b) . The peak numbers in Fig. 2a are referenced to those in Fig. 2b by comparing the energy separation between successive peaks. The exciton peaks at 10 K (Fig. 2a) are blue shifted compared to the 300 K exciton peaks (Fig. 2b) by about ∆λ = 14 nm, which is in good agreement with the shift expected from the Varshni equation [37] , which gives ∆λ = 13.6 nm, assuming the Varshni parameters are α = 0.55 and β = 719 [38] . The line width of the resonances is slightly larger at room temperature compared to low temperature, however the ratio of room temperature to low temperature line widths does not exceed a factor of ∼2. At the same time, the strength of the nonlinear signal typically decreases by 1-2 orders of magnitude at room temperature compared to low temperature. We will see below that this could be due to a temperature dependent interaction between excitons and metastable background states. Furthermore, the resonances observed in the nonlinear absorption spectrum in this study overlap with the weak resonances observed in the PL, as shown in Fig. 1 . We therefore attribute the resonances in the nonlinear absorption spectrum to quantum dot exciton states in the DINW.
Phase modulation techniques [28, 39, 40] shows that the steady state modulated absorption spectrum in Fig.  2a has a very slow decay time of ∼10-100 µs at 10 K, depending on the specific area of sample under study, which is a clear indication that the steady-state nonlinear optical signal is dominated by processes involving background disorder states with long lifetimes. Phase modulation techniques can also be used to extract the activation energies of the background states based on the temperature dependence of the decay rate [28, [39] [40] [41] (Fig. 3) . The activation energy varies between ∼5-10 meV, due to the DINW inhomogeneity. These results are similar to previous studies on yellow-amber emitting InGaN layers that have shown that disorder states with similar activation energies may form in the InGaN layer [17] . We therefore tentatively assign the slow decay of the nonlinear signal to effects related to similar metastable states in the DINW system. Since the strength of nonlinear optical response varies inversely with the overall excitation decay rate, the weakening of the nonlinear optical response with increasing temperature is therefore partially due to a decrease in the relaxation times of the metastable background states. We note that other effects, such as phonon interactions, will also cause a temperature dependent decrease in the nonlinear signal.
In Fig. 4a we see the nearly degenerate coherent 11.5 ± 2.1 meV 8.9 ± 1.9 meV 4.7 ± 0.7 meV Figure 3| Arrhenius plot of nonlinear signal decay rates. Arrhenius plot of decay rate of nonlinear (modulated absorption) signal (γ) subtracted by a temperature independent decay rate γ 0 for three regions of the sample at a fixed probe wavelength (617 nm) obtained using phase modulation techniques. Each colored data set represents a different (approximate) region of the sample. The error bars and decay rates vary significantly in the measurement due to sample expansion and contraction as a function of temperature. The error bars are determined by the error in the mean. The temperature independent decay rate was found for both sample regions by fitting the data Ln(γ(1/T)-γ 0 ) to an linear function similar to equation (S2) (see Supplementary Section II) with an offset given by γ 0 , which also varied significantly across the sample but is generally ~1x10 6 s -1 .
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FIG. 3.
Arrhenius plot of decay rate of nonlinear (modulated absorption) signal (γ) subtracted by a temperature independent decay rate γ0 for three regions of the sample at a fixed probe wavelength (617 nm) obtained using phase modulation techniques. Each colored data set represents a different (approximate) region of the sample. The error bars and decay rates vary significantly in the measurement due to sample expansion and contraction as a function of temperature. The error bars are determined by the error in the mean. The temperature independent decay rate was found for both sample regions by fitting the data Ln[γ(1/T)-γ0] to an linear function similar to Supplemental Equation (1) (see Supplemental Material) with an offset given by γ0, which also varied significantly across the sample but is generally ∼1x10 6 s −1 .
nonlinear optical spectrum for various pump frequencies when the fixed 405nm laser is replaced with a tunable dye laser. The spectra show the surprising result that the spectrum is virtually independent of the pump frequency, even when the pump frequency is tuned below the probe frequency and for pump-probe detunings of ∼100 meV. Furthermore, the spectrum is virtually identical to the modulated absorption spectrum, including the negative dT/T background signal and the long (∼10-100 µs) decay time of the signal. The strength of the negative dT/T background signal is also unaffected by the pump frequency over the range shown in Fig. 4a . We note that, for pump-probe detunings of ≥200 meV, both the positive dT/T resonances and the negative dT/T background begin to decrease significantly, however the relative strength of the positive dT/T resonances does not change. This data suggests that the nearly degenerate signal also results from optical physics related to metastable background disorder states. The discussion below will focus on this and on the various physical mechanisms that can give rise to a pump frequency-independent signal.
Modification of excited state decay by coupling to metastable states change the nonlinear optical spectrum dramatically compared to the isolated two level system [42, 43] . In particular, the coherent coupling between the optical beams at frequencies pump and probe, re- spectively, contains another spectral feature due to an additional resonant denominator [28, 42, 43] arising from the presence of the metastable state. The long life time of the metastable state results in a strong enhancement of the response that dominates the nonlinear optical spectrum over the usual population pulsation terms where the life times are determined by the excited state decay [28, 43] . In our sample, an ultranarrow (∼110 kHz linewidth) resonance, arising from coherent population pulsations first identified by Lamb [43] , was observed as shown in Fig. 4b using the methods in Ref. [42] . The details of this spectroscopy has been discussed extensively and reports on numerous fundamental physical parameters of the system [44] [45] [46] . Notice that this resonance appears as a dip in the response (which is mostly negative) rather than a positive peak as the standard theory would predict [43] . The negative dip can be attributed to the fact that the incoherent component of the third order nonlinear signal (that has both positive and negative dT/T components) is mostly negative [28] . By fitting the ultranarrow resonance to a Lorentzian line shape, the decay time of the metastable state is 53.5 ± 5.0 µs, in good agreement with the decay time found from phase modulation spectroscopy above (47.2 ± 1.7 µs).
In the Supplemental Material [28] , we consider a model in which the pump frequency independent data shown in Fig. 4a arises due to an indirect optical excitation that transfers population from the ground state of the quantum dot exciton to a disorder state [28] . In principle, this model provides a signal that is independent from the pump-exciton detuning and instead follows the energy distribution of background states. However, this assumes that the exciton itself is not coupled to the metastable background states. The data does not allow us to confirm this assumption, and if the exciton is coupled to the metastable state, we would still find a resonant enhancement when the pump was tuned within exciton resonance [28] .
Another possibility is that the metastable background states are simultaneously responsible for exciton saturation in both the positive dT/T associated with the exciton resonances and the negative dT/T associated with the background. Due to remaining strain in the InGaN DINW system, a piezoelectric field is expected to exist in the DINW, which is strongest at the center of the disk [32] [33] [34] 47] . Because of the resulting internal electric fields and the antiparallel direction of the field with respect to the growth axis [32] [33] [34] 47] , the electron and hole wave functions are pushed to the top and bottom of the DINW, respectively. The pump beam excites the disorder states where the relaxation from these states is characterized by a long lifetime. Electron-hole pairs that fill the metastable states are localized separately from the region of the localized exciton and can partially screen the internal piezoelectric field in the DINW. This would imply the DINW exciton should experience an increased electron-hole overlap and a blue-shift in wavelength (seen as a derivative line-shape in the dT at the level of χ (3) due to the screened internal electric field via the QuantumConfined Stark Effect (QCSE) [48] . Instead we observe a pump induced decrease in absorption. We attribute this effect to a decrease in exciton transition moment due to the exciton-metastable state interaction (see Supplemental Material [28] ). It has been shown that charges that occupy charge trap states in close vicinity to quantum confined excitons in semiconductor nanostructures can decrease the oscillator strength of the lowest exciton transition when the exciton hole wavefunction becomes localized in the vicinity of the trap electron due to the large hole effective mass compared to the electron effective mass [49, 50] . The quantum dot exciton states may be especially susceptible to this type of interaction, as it is known from nano-cathodoluminescence measurements that the largest concentration of nonradiative localized states (e.g. traps) occurs at the bottom of the DINW [26] , in the same vicinity as the hole wave function.
As discussed above, the negative dT/T offset signal appears to be mostly constant as a function of probe frequency over the spectral window featured in the data ( Fig. 2 and Supplemental Material [28] ). If the background disorder states behave as a continuum, because of band gap renormalization there is a red-shift of the continuum states [51, 52] which would lead to a red-shift at second order in the excitation field of the PLE absorption spectrum. This then leads to a negative and constant dT/T offset when measured in the χ (3) limit. Alternatively, it is possible that the background states experience a combination of blue shifting and an increase in electron hole overlap (negative dT/T) from the reverse QCSE as the internal piezoelectric field of the DINW is screened by the metastable states. Detailed understanding of the QCSE in this system is difficult since both the strain relaxation and InN concentration is not uniform.
Finally, we note that the experimental approach used in this paper often shows evidence of spectral hole burning because of inhomogeneous broadening. The absence of spectral hole burning can lead to the conclusion that the measured linewidths (outside the resonance associated with population pulsations) measures the dipole dephasing rate (T −1
2 ). The models in this paper in fact show that even with inhomogeneous broadening, no hole burning is expected even with long decoherence times at the limit of χ (3) but will be evident in higher order spectroscopy.
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